A new analytical methodology for a simple and efficient on-line preconcentration of trace inorganic anions in water and salt samples prior to ion chromatographic determination is proposed. The preconcentration method is based on partition/ ion-exclusion chromatographic ion stacking (PIEC ion stacking) with a hydrophilic polymer gel column containing a small amount of fixed anionic charges. The developed on-line PIEC ion stacking-ion chromatography method was validated by recovery experiments for the determination of nitrate in tap water in terms of both accuracy and precision, and the results showed the reliability of the method. The method proposed was also successfully applied to the determination of trace impurity nitrite and nitrate in reagent-grade salts of sodium sulfate. A low background level can be achieved since pure water is used as the eluant for the PIEC ion stacking. It is possible to reach sensitive detection at sub-μg L -1 levels by on-line PIEC ion stacking-ion chromatography.
Introduction
The determination of trace-level anions in the presence of a large excess of matrix interferences is a common analytical problem.
Although a lot of spectrophotometric [1] [2] [3] [4] [5] [6] [7] [8] [9] and electrochemical [10] [11] [12] methods have been reported for the measurement of some inorganic anions, ion chromatography is perhaps the most accepted technique for monitoring inorganic anions in water samples. [13] [14] [15] [16] [17] Nevertheless, there is a need to find effective and fast preconcentration techniques for increasing the sensitivity of detection because it is often difficult to detect low level inorganic anions in the presence of a large excess of foreign ions directly by spectrophotometric and conductivity measurements.
Liquid-liquid extraction (LLE) 18, 19 and solid-phase extraction (SPE) [20] [21] [22] are widely used as techniques for the separation and preconcentration of both organic and inorganic analytes from aqueous samples. In particular, integrated on-line SPE-LC column switching techniques have become popular for various analytical applications. With this technique, the analyte ions are stripped from the sample solution onto an SPE concentrator column, and then eluted from the column with a suitable eluant to an analytical column. However, they have several drawbacks, such as the use of organic solvents and/or toxic reagents for the extraction or elution of the analyte ions, which make them expensive, tedious, and time consuming. In addition, the loading and elution efficiencies of the analyte should be high enough so as to allow accurate and precise determinations.
On-column concentration may be one of the methods that can minimize the loss of the analytes in the preconcentration process. However, very few, if any, effective and versatile methods for the on-column concentration of trace anions have been reported to the best of our knowledge. We have recently developed a unique method for the enrichment of trace amounts of anions using an ion stacking phenomenon in a partition chromatographic process. 23 The effective concentration of anionic solutes in aqueous solutions can be performed only by introducing the sample solution into a hydrophilic polymer column after the addition of a suitable electrolyte to the solution, and then eluting it with pure water; the anions exhibiting weaker retention than the anion of the added electrolyte are stacked at the leading edge of the added electrolyte zone, while the other anions showing stronger retention are accumulated at the trailing edge. This ion-stacking phenomenon takes place due to the effect of the background co-ion in the eluant and/or sample solution on the distribution of the ions between the bulk water and the water incorporated in the packing material, which acts as the stationary phase. [24] [25] [26] [27] [28] [29] [30] [31] Furthermore, we have succeeded in accumulating analyte anions having distribution coefficients larger than that of the component anion of the added electrolyte in a very narrow zone at the trailing edge of the elution band of the electrolyte using ion-exclusion effect exerted by fixed anionic charges on a hydrophilic polymer packing material as well as partition chromatographic ion stacking. 23 It was shown that the enrichment factor as high as several hundred for some inorganic anions could be achieved with a hydrophilic polymer column of 300 mm long. This ion-enrichment method is very simple, cost effective, and versatile since only pure water and a simple inorganic salt suitable for the enrichment of the analyte ions are needed, and the operation can be performed in a single run.
It is thus expected that the hyphenation of partition/ionexclusion chromatographic ion stacking (PIEC stacking) and ion chromatography (IC) should provide a powerful method for the determination of trace amounts of analyte anions in water samples. PIEC stacking may also be used for the analysis of some trace impurity anions in salt samples if the impurity anions are retained more strongly than the component anion of the sample salt on the hydrophilic polymer column. The impurity anions will be accumulated at the trailing edge of the salt solution band only by injecting an aqueous solution of the salt into the column and eluting it with pure water, which will lead to the enrichment of anions.
The aim of this work is to achieve a new analytical methodology, on-line PIEC stacking-IC, for the determination of trace inorganic anions in water and salt samples. The developed on-line PIEC ion stacking-IC method was successfully applied to the determination of nitrate ion in tap water and impurity nitrite and nitrate in reagent-grade sodium salts, NaCl and Na2SO4.
Experimental

Chemicals
Water was purified with an Elix-Advantage 3-UV (Nihon Millipore, Tokyo, Japan) and an Arium 611 DI (Sartorius, Tokyo, Japan) throughout the experiment. Sodium chloride and sodium sulfate of JIS guaranteed reagent (GR) grade and extrapure (EP) grade were purchased from Wako (Osaka, Japan) or Kanto Chemicals (Tokyo, Japan). Suprapur (SP) grade anhydrous sodium sulfate was obtained from Merck (Darmstadt, Germany).
Instrumentation and chromatographic procedure
The setup for on-line PIEC ion stacking-IC was made up of two liquid chromatography systems and a motorized 2-piston 10-port valve connected as shown in Fig. 1 . The first dimension HPLC system for the preconcentration of analyte anions consisted of a Uniflows (Tokyo, Japan) HPLC pump Model uf-6010 PSW2, a Senshu Scientific (Tokyo, Japan) Model 3000B UV detector, and a Rheodyne (Cotati, USA) Model 7725i loading injector fitted with a 1.9 or 5.0 mL sample loop. The column used as the anion concentrator was a TSKgel G2500PWXL (cross-linked hydroxylated methacrylate polymer gel, 7.8 × 300 mm) obtained from Tosoh (Tokyo, Japan). The second dimension IC system used for determination of trace anions was a Dionex Model ICS-1600 (California, USA) consisting of a dual-piston pump, a column heater, an IonPac AS 22 guard column (4 × 50 mm) and an IonPac AS 22 separator column (4 × 250 mm). A Hitachi (Tokyo, Japan) Model L-7420 UV-VIS detector was used for detecting analyte anions.
All connections between the columns and the instruments were made with polyether ether ketone (PEEK) or Teflon tubing. Pure water and 4.5 mM Na2CO3-1.4 mM NaHCO3 were used as eluants for anion enrichment (the first dimension) and IC determination (the second dimension), respectively. The fraction of the effluent from the concentrator column was collected in a 298-μL loop attached to the 10 port valve, and then transported to the IC column. The valve switching time was optimized in such a way that the fraction of the effluent containing the entire concentrated zone was collected into the receiver loop. Each measurement of an analyte ion was conducted at least in triplicate. Data were collected and processed using a CDS plus data analysis system (LA Soft, Tokyo, Japan). Identification of the target anions was carried out by matching the retention times against those of standard.
Preparation of samples and working standard solutions
Tap water was collected from the laboratory and filtered through a 0.45-μm membrane filter to remove suspended particulate matter. A 1-mL aliquot of the filtrate tap water sample was diluted with pure water or a 0.100 M aqueous solution of SP grade Na2SO4 to 50 mL and kept in polyethylene bottles in cool place (refrigerator). A tap water solution diluted with pure water was used for a direct determination of nitrate ion by IC, while a solution prepared with 0.100 M Na2SO4 was for the analysis by on-line PIEC ion stacking-IC. Sample solutions of GR and EP grade Na2SO4 and NaCl were prepared by dissolving the salts with pure water to give a concentration of 0.100 M. Working solutions were prepared by appropriate dilution of the standard solution (1000 mg L -1 ) for nitrite and nitrate obtained from Wako Pure Chemicals (Tokyo, Japan) with pure water. For recovery measurements, samples were spiked with nitrite or nitrate by adding diluted standard solutions at two different concentration levels.
Results and Discussion
Determination of nitrate ion in tap water
As describe above, when a solution containing trace anions is injected into a hydrophilic polymer column after the addition of a large amount of electrolyte, and then eluted with pure water, those anions having larger distribution coefficients than the component anion of the added electrolyte move towards the trailing edge of the electrolyte elution band and are concentrated in a narrow stacked zone. The concentration of the background electrolyte added to the sample solution must be high enough to suppress the ion-exclusion effect and perform the ion partition stacking of target anions in the background electrolyte band during elution. We have shown that anionic solutes are excluded from the interior of the polymer gel particles in the TSKgel G2500PWXL column by the ion-exclusion effect of fixed anionic charges at an ionic strength of 1 mM or below, whereas the ion-exclusion effect is suppressed at 50 mM or above. 23 Accordingly, the concentration of the background electrolyte was set at 0.1 M.
When the concentration of a target anion is negligibly smaller than that of the background electrolyte, the maximum injection volume of the sample solution, Vsmp, for the overall stacking of the target ion by the PIEC stacking method is given by the following equation:
where D A YX and D X YX are the distribution coefficients for the target anion (A) and the component anion (X) of the added background electrolyte (YX) between the bulk water and the stationary phase water, respectively, and Vs is the volume of the stationary phase water. The width of the stacked zone does not depend on the volume of the sample solution injected, which is ca. 170 μL for the TSKgel G2500PWXL column used in the present study. Therefore it is desirable that the component anion of the background electrolyte has as small a distribution coefficient as possible in order to achieve higher enrichment of the target anions by PIEC stacking. In a previous study, 23 we demonstrated that sulfate ion exhibits the smallest distribution coefficient (D Na2SO4 SO4 = 0.32) among common inorganic anions, and that the overall stacking can be achieved for anions having the D A Na2SO4 larger than 1.78, such as nitrate, iodide, thiocyanate with the TSKgel G2500PWXL column (Vs = 3.42 mL), even when 5.00 mL of the sample solution was injected. We have thus adopted Na2SO4 as the background electrolyte to be added to the sample solution and validated the on-line PIEC ion stacking-IC method for the accuracy and reproducibility by determining nitrate ion in tap water. Figure 2 shows the chromatogram recorded on the first concentrator column by elution with pure water for an injection of 5.00 mL of tap water diluted 50-fold with 0.100 M Na2SO4. We used SP grade Na2SO4 in order to minimize the contamination of nitrate from the added salt. A sharp single peak observed on the chromatogram can be attributed to trace anions in the tap water sample accumulated at the trailing edge of the elution band of Na2SO4, of which the width at half height is ca. 10 min or 5 mL. The entire stacked zone containing trace anions was heart-cut by means of a 10-port valve mounted with a 298-μL loop and transferred to the IC for analysis. Shown in Fig. 3(A) is a chromatogram of the tap water sample obtained by on-line PIEC ion stacking-IC. The peak for nitrate ion was observed in front of a negative peak caused by the elution of sulfate that coeluted with nitrate on the concentrator column. The chromatogram obtained by IC for an injection of 298 μL of the tap water diluted with pure water by a factor of 50 is shown in Fig. 3(B) for comparison. As can be seen, the peak area for nitrate obtained by on-line PIEC ion stacking-IC is significantly larger than that by IC owing to the preconcentration by PIEC ion stacking; the enrichment factor is given to be 16.8 based on the volume ratio of the sample solution injected (5.00 mL) to the heart-cut volume (298 μL).
Spike recovery tests were performed to evaluate the accuracy of the method. The results of the spike recovery for injections of 5.00 mL tap water sample diluted with 0.1 M Na2SO4 are given in Table 1 . The values of the recoveries of nitrate are satisfactory and low standard deviation values of measurements indicate good precision of the developed on-line PIEC ion stacking-IC method. The detection limit was determined by injecting 0.100 M solution of SP grade Na2SO4 salt into the on-line PIEC ion stacking-IC system. The detection limit, defined as three-fold of the standard deviation of the blank signal (n = 3), was 0.5 μg L -1 . These results indicate that the on-line PIEC ion stacking-IC method is useful for the enrichment and determination of trace anions in water samples.
Determination of trace anions in reagent grade salts
It is expected that on-line PIEC ion stacking-IC can also be used for the determination of trace impurity anions in salt samples because we can analyze the trace anionic contents of matrices, which contain high concentrations of component ions, by direct injection of the salt solutions into the on-line PIEC ion stacking-IC system. We have thus attempted to determine trace anions in GR and EP grade salts of Na2SO4 and NaCl by on-line PIEC ion stacking-IC. The maximum injection volume of a NaCl solution for the overall stacking of nitrate is calculated to be 1.95 mL from the distribution coefficients of chloride and nitrate ions, (D Cl NaCl = 0.36) and (D NaCl NO4 = 0.93). Consequently, we injected 1.90 mL of the NaCl solution into the on-line PIEC ion stacking-IC system for the analysis of trace anions in the reagent grade salts of NaCl. Figure 4 shows chromatograms obtained for injections of 0.100 M aqueous solutions of two different grade salts of Na2SO4. The peaks for nitrite and nitrate were detected for both GR and EP grade salts of Na2SO4. However, no distinct peaks were observed on the chromatograms of the NaCl solutions. The results of spike recovery tests are summarized in Table 2 . The distribution coefficient of nitrite (D Na2SO4 NO2 = 1.62) in Na2SO4 background electrolyte system is a little smaller than that of nitrate and the Vsmp value calculated according to Eq. (1) for nitrite is 4.45 mL. Therefore, complete accumulation of nitrite into the stacked zone was not achieved. However, the mass fraction of nitrite collected in the receiver loop of 298 μL is calculated to be 95% (= (4.45 + 0.30)/5.00). As can be seen, the recoveries were 94 -106% for all measurements, although the values for nitrite determination are around 95% as predicted.
Since pure water is used as the eluant for the PIEC ion stacking, an extremely low background level is achieved by the present method. The detection limits for nitrite and nitrate in the analysis of reagent-grade Na2SO4 were 0.02 and 0.04 μg/L, respectively. The contents of impurity nitrite and nitrate in the GR and EP grade salts of Na2SO4 were calculated as the mass percentages of NaNO2 and NaNO3 in the sodium salt samples (Table 3) assuming that the recovery for both the anions is 100%. These impurities were found to be within the limits specified by the manufacturers. The results given in Tables 2  and 3 reveal that trace impurity anions present at sub-mg kg -1 level in salt samples can be determined by on-line PIEC ion stacking-IC.
Conclusions
A novel method, on-line PIEC ion stacking-IC, for the simple and sensitive determination of trace inorganic anions in water and salt samples has been proposed. This method is based on ion chromatography with an on-line preconcentration of the target anions by partition/ion-exclusion chromatographic ion stacking. Target trace anions are concentrated on a hydrophilic polymer gel column containing a small amount of fixed anionic charges during elution with water in the presence of a large amount of background electrolyte. Subsequently the stacked anion zone is transferred to the ion chromatography column for separation and determination. The on-line PIEC ion stacking-IC method developed in this work has been validated by testing its recovery, precision, and detection limit values for determination of nitrate in a tap water sample.
This method has also been demonstrated effective for determination of impurity nitrate and nitrite present at sub-mg kg -1 level in the reagent grade salts of Na2SO4 and NaCl. The salt samples used in this study may contain other impurity anions than nitrite and nitrate. However they could not be detected because some of them may not be concentrated at the trailing edge of the background electrolyte band due to their small distribution coefficients on the concentrator column and the others may coelute with the background co-ion, i.e., Cl -or SO4 2-on the separator column. Ongoing work is underway to more fully explore new capability of the developed method to broaden the range of applications. 
